Two diastereoisomers of silybin, silybin A and silybin B, were separated from silymarin by HPLC in our previous study. The present study assessed the effects of the diastereoisomers on cell apoptosis, and compared these with their mixture, silybin, in human chronic myeloid leukemia K562 cells. Both isomers showed stronger effects on cell growth inhibition and apoptosis induction than silybin. Compared with silybin B, silybin A showed higher effects on the production of intracellular reactive oxygen species and Ca 2+ . These results suggest that silybin A and silybin B have similar potency on apoptosis induction with different oxidative effects. Antagonistic effects may exist between silybin A and silybin B, partially through ROS production and Ca 2+ increase.
Silymarin and its principle constituent, silybin (silibinin), are extracted from the seeds of Silybum marianum (L.) Geantm, and have been traditionally used for the treatment of liver diseases [1] . Recently, silybin has been reported to possess nontoxic antineoplastic action in a variety of in vitro and in vivo cancer models, including skin, breast, colon, bladder and prostate carcinomas [2] [3] [4] [5] . However, whether the activity of silybin is executed by one or both of its isomers is not clear.
In a previous study, we purified a pair of diastereoisomeric flavonolignans, silybin A and silybin B, from silymarin using reverse-phase high-performance liquid chromatography [6] . Structurally, the optical rotation of silybin B ([α] D -1.07) is different from that of silybin A ([α] D +20), and the configurations at C-7' and C-8' are opposite. Hence, the 2R, 3R, 7'R, 8'R configurations are assigned to silybin A, while the 2R, 3R, 7'S, 8'S configurations are assigned to silybin B. Isomeric compounds with opposite stereochemistry often provide different biological activities. Therefore, the present study investigated the effects of these isomers on induction of apoptosis in human leukemic K562 cells, and compared these with their mixture, silybin.
Results showed that at 24 h ( Figure 1A ) and 48 h ( Figure  1B ) after treatment, silybin dose-dependently decreased cell viability with IC 50 values of 88 g/mL and 43 g/mL, respectively. However, 50 g/mL of either silybin A or silybin B decreased the cell viability to 42% of the control at 24 h after treatment ( Figure 1A) . At 48 h after treatment with silybin A and silybin B, the cell viability was decreased to 13.8% and 14.0%, which is significantly lower than that of silybin ( Figure 1B ).
After the cells were exposed to the diastereoisomers and silybin at the indicated doses, nuclear condensation and fragmentation in the treated cells were observed by confocal microscopy, which are the characteristic features of apoptosis ( Figure 2B ). By counting the cell number with nuclear condensation, cell apoptosis was evaluated. Consistent with the assay on cell viability, both silybin A and silybin B showed stronger effects on apoptosis induction in K562 cells than their mixture, silybin ( Figure  2A ). Either silybin A, silybin B or silybin induced typical formation of DNA fragments as ladders on agarose gels, which is a biochemical hallmark of apoptosis ( Figure 2C ).
These data suggested that there may be antagonistic effects between silybin A and B on cell growth inhibition and apoptosis induction.
It has been reported that silybin induced autophagic and apoptotic cell death in HT1080 cells through a reactive oxygen species (ROS) pathway [7] . Therefore, we investigated the involvement of ROS during the apoptosis induced by silybin A and silybin B. Figure 3A ROS level in K562 cells. However, no remarkable change was detected in the cells treated with silybin B. Consistent with these results, silybin A also caused an increased level of intracellular Ca 2+ than silybin B ( Figure 3B ).
Using Western blotting, it was found that both isomers downregulated Bcl-2 and Bcl-x L , upregulated Bax, increased the level of cleaved caspase-9, and decreased the level of procaspase-3 ( Supplementary Figure 1 ). In addition, no remarkable difference was found in the mRNA expression of the MAPK pathway ( Supplementary  Figure 2 ) during the apoptosis induced by the two isomers. Therefore, it can be concluded that both isomers induced cell apoptosis through the mitochondrial pathway and MAPK pathway.
The present study indicates that silybin A and silybin B have similar effects on apoptosis induction through the same signal pathway. In a recently published paper, it was shown that silymarin modulates the oxidant-antioxidant imbalance in rats [8] . Our results indicate that, as the major ingredients of silymarin, silybin A seems to be an oxidant reagent, while silybin B may have antioxidant effects. In addition, increases in the ROS level and intracellular Ca 2+ concentration are also contributing factors in the development of cell necrosis, as well as Conclusion: Silybin A and silybin B induce cell apoptosis with a similar potency through the mitochondrial and MAPK pathway, but their effects are stronger than that of their mixture. Antagonistic effects may exist between silybin A and silybin B through ROS production and Ca 2+ increase, at least in part.
Experimental
Cell culture: Human chronic myeloid K562 leukemia cells were cultured in RPMI 1640 medium (GIBCO BRL, Life Technologies, Invitrogen Corporation, Carlsbad, USA) with 10% fetal bovine serum (Hyclone Laboratories, Logan, USA), 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37°C in humidified air containing 5% CO 2 .
Agents and chemicals:
Silybin, silybin A, and silybin B were separated by reverse-phase high-performance liquid chromatography, and the content was more than 99%. The HPLC conditions have been published in a previous paper [6] . All ingredients were dissolved in dimethyl sulfoxide (DMSO), and the final concentration of DMSO in the culture medium was below 0.1% (v/v) during treatments. 
Cell viability:
Cells with a density of 5 × 10 4 cell/mL were plated in 96-well plates under the culture conditions described above. Twelve hours after plating, cells were treated with either DMSO or different doses of agents for either 24 h or 48 h at 37°C in a CO 2 incubator. Five wells were used in each measurement. A MTT dye uptake method was employed to determine viability by incubating the cells with the MTT dye (20 µL of 5 mg/mL) for 4 h at 37°C. The formazan precipitate was dissolved in 150 µL DMSO, and absorbance at 550 nm was measured with a Benchmark microplate reader (Bio-Rad, Hercules, USA).
Assessment of apoptosis:
To quantify apoptotic death of cells, cell pellets were fixed in methanol after drug exposure, and then stained with 20 μg/mL of Hoechst 33258 solution. Following 2 washes with ice-cold PBS, cells were observed under a fluorescence microscope (Leica DMIRB and MPS60, Leica Microsystems, Wetzla, Germany). Based on nuclear morphology, apoptotic cells were identified, and their percentage was calculated by counting cells more than 600.
DNA fragmentation:
The untreated and silybin A-and Btreated cells (1 × 10 6 ) were harvested and lysed in 100 μL buffer (10 mM Tris-HCl, pH 7.4, 10 mM EDTA, pH 8.0, 0.5% Triton X-100). The supernatant was acquired after centrifugation at 14,000 × g for 10 min, and then incubated with RNase A (200 μg/mL) at 37°C for 60 min. Proteins were removed by incubation with Proteinase K (200 μg/mL) at 50°C for 30 min. The lysate was mixed with 20 mL 5 M NaCl and 120 μL isopropanol. After being deposited at -20°C for 12 h, the precipitated DNA pellet was dissolved in a Tris-acetate-EDTA buffer, electrophoresed in a 1.5% agarose gel, stained with ethidium bromide, and photographed under ultraviolet illumination.
Flow cytometry: Production of ROS in the intracellular space and changes in the intracellular Ca 2+ concentration were measured by flow cytometry. The treated cells were incubated with 10 μM of DCFH-DA (Sigma-Aldrich, Steinheim, Switzerland) at 37°C for 15 min for ROS detection, and with 5 μM of Fluo-3 AM (Sigma-Aldrich, Steinheim, Switzerland) at 37°C for 30 min for Ca 2+ detection.
Statistical analysis:
One-way analysis of variance was performed to determine the significance among groups. A p value of less than 0.05 was considered as statistically significant.
Supplementary data:
Western blotting of Bcl-2, caspase, Bac, P53, and RT-PCR results of the MAPK family of proteins are contained in the supplementary data.
